Introduction
[2] Most earthquake-producing faults contain a layer of granular fault rocks, and fault rock structures are used to infer the mechanical history of fault slip [e.g., Sibson, 1977] . Furthermore, the mechanics of deforming fault rocks may affect the nature of earthquakes, including seismological scaling parameters [Scholz, 1990; Sibson, 2003; Chester et al., 2005] . Laboratory experiments focused on fault rock deformation provide insight into the strength and stability of natural faults and help formulate constitutive models for friction [Byerlee, 1978; Dieterich, 1978; Beeler et al., 1996; Marone et al., 1990; Marone and Kilgore, 1993] . Early slider-block and microfracturing experiments reproduced many of the key scaling relations such as the GutenbergRichter (frequency-magnitude) relation [Burridge and Knopoff, 1967; Scholz, 1968] . Yet, most rock friction studies do not provide direct data on the contact forces within a shearing media. In contrast, granular models for fault deformation explicitly address the forces within a deforming fault zone [e.g., Sammis et al., 1987] . The granular description of faulting is thus well suited for investigation of fault rock deformation, and may find applications for a broader range of frictional phenomena in the upper crust.
[3] A first approach to granular models is to use numerical techniques such as the discrete element method (DEM) [Morgan and Boettcher, 1999; Morgan, 1999; Aharonov and Sparks, 2002; Mair and Hazzard, 2007] . DEMs simulate particle-scale fault zone deformation with the benefit of visualizing the internal arrangement of forces during deformation. A second approach is the use of laboratory systems employing model granular materials, which reproduce such natural phenomena as shear localization and stick-slip behavior [Nasuno et al., 1998; Anthony and Marone, 2005; Johnson et al., 2008] and produce slip distributions reminiscent of the Gutenberg-Richter relation for natural earthquake populations [Bretz et al., 2006] . Of considerable interest, the force distributions within granular materials are quite broad and follow an approximately exponential-tailed distribution under a variety of loading circumstances [Miller et al., 1996; Mueth et al., 1998; Majmudar and Behringer, 2005] .
[4] A particular class of laboratory granular models utilizes photoelastic particles to investigate the spatial arrangement of internal stresses in granular materials [Dantu, 1957; Drescher and de Josselin de Jong, 1972; Howell et al., 1999; Majmudar and Behringer, 2005] . Typically, the internal stresses within a granular material arrange themselves in ''force chains,'' which are roughly colinear groups of particles carrying more of the load imposed on a granular system than the adjacent particles. The details of the force network change under even minute shifts in particle positions, and are quite sensitive to the shear history of the sample [Majmudar and Behringer, 2005] . Photoelastic granular experiments have not been widely used to see if such force chain behaviors are important for fault behaviors as manifested in earthquake populations [Yu and Behringer, 2005] .
[5] In this paper, we present the results of photoelastic granular experiments designed to test the extent to which force chain behavior plays a role in the dynamics of faults. As shown in Figure 1 , the experimental apparatus we used is geometrically analogous to a natural, gouge-filled strikeslip fault. By pulling a slider block at a constant velocity we deformed an aggregate of $10 4 photoelastic particles and recorded plate displacements and drops in the pulling force during stick-slip events. During these events we also observed a range of behaviors in the force chain network, including both local and system-spanning force chain reorganizations, and we analyzed these events with image differencing techniques. The events exhibited statistical properties similar to those observed in natural earthquake populations. Notably, we observed differences in the scaling relations for force drops and related work terms for higher and lower ranges of event size. Following the presentation of our experimental methods and results, we suggest that the behaviors we observe in force drop data and force chain geometries are consistent with earlier explanations of changes in scaling relations that depend on the size of the rupture area within the seismogenic crust [Pacheco et al., 1992; Heimpel and Malin, 1998; Romanowicz and Ruff, 2002] . Variations in scaling relations and deficits in radiated energy both suggest that the mechanics within a deforming fault zone can directly influence larger-scale slip behaviors [Kanamori and Brodsky, 2004] . We also suggest that the patterns of force chain rearrangements are consistent with descriptions of fault zone deformation that include both localized slip on narrow zones, and ongoing distributed deformation in adjacent, wider gouge zones. The two implications of our experiments are related and imply that granular processes underlie both the geological and seismological expressions of fault slip.
Experiment
[6] Our experiments take place in a split-bottomed shear cell shown schematically in Figure 1 . Circular (60%) and elliptical (40%) disks form a granular layer on the transparent split bottom, and are confined to a single layer by a transparent cover. The disks are photoelastic (3 mm thick PhotoStress Plus PS-3 polymer from the Vishay Measurements Group) and have a bulk elastic modulus of 0.21 GPa. The circular disks have a diameter of 5.6 mm and the elliptical disks have major and minor axes 6.8 mm and 4.7 mm, respectively. The mixture of two shapes prevents crystallization of the granular medium into a closely packed configuration. The total granular aggregate comprises 9360 particles in a region 125 cm long and 22.8 to 24.2 cm wide.
[7] An imposed slip plane separates the two sides of the cell. The plate with the movable confining wall is fixed and the pulled side, consisting of a bottom plate with an attached confining wall, is driven as a unit by a stepper motor attached to a linear feed screw which moves at a constant velocity of 0.30 mm/s. We record the pulling force which is coupled to the slider block by a linear spring using a Chatillon DFS piezoelectric force sensor and the position using a Celesco cable transducer, each measured at a frequency of 100 Hz. The split in the center of the cell is required for relative displacement of the two plates, and creates a granular-on-granular shear zone [Fenistein and van Hecke, 2003 ] rather than localizing the shear to the boundary. At their most basic level, natural faults are driven from the sides and have three-dimensional particle interactions within the shear zone. In the experiment, the particles deform because of the forces imposed from the side boundaries, with traction between the moving boundary and the particles enhanced by protrusions separated by 15 mm (visible on the images in Figure 2 ). However, the particles are also in frictional contact with the bottom plate and thus the experiment is a quasi-two-dimensional approximation of an idealized fault.
[8] The photoelasticity of the disks allows us to spatiotemporally resolve the internal stress state of the system [Frocht, 1941] . As shown in Figure 1a , the shearing of the granular aggregate causes chains of force to develop in opposition to shear and loading. The brighter the particle is, the stronger the forces at its contacts, while particles that appear dark are carrying negligible amounts of the total load acting on the shear zone. We recorded the spatiotemporal emergence and evolution of force chains for the middle third of the length and the full width of the experimental cell using a digital video camera operating at 4 Hz and with 950 Â 550 pixel resolution.
[9] An important feature of the apparatus is the ability to set the boundary conditions on the stationary side of the fault to a fixed volume V, or, alternatively, to confine the particles with a compressed spring allowing dilation. The dilational boundary condition provides constant changes in pressure P relative to changes in volume (constant dP/dV). We refer to these boundary conditions as ''constant volume'' and ''dilational,'' respectively. The advantage of the spring boundary conditions is that it is simple to realize experimentally and still allows us to evaluate the effects of deformation within a nonconstant volume. The significance of this dilation is to stand in contrast to the constant volume case, rather than modeling a particular constant pressure. We measure the pulling force F k for all runs, and F ? for the dilation runs via the position of the confining wall. From the position of the spring-confined boundary, we find the confining pressure P % 7 kPa; a typical change in loading pressure over the course of the run is 20% (see Figure 2d for the time dependence). The constant volume runs have a packing fraction of f = V particles /V cell % 0.81, while over the course of the dilational runs f typically decreases from %0.83 to 0.79.
Results

Particle and Force Chain Deformation
[10] At the beginning of each experimental run we start from a randomized configuration with low internal stress and few force chains. When the pulling starts, particles rearrange, and the aggregate dilates if the boundary conditions permit, in response to the shear; force chains develop in opposition to the motion. Animations 1 and 2 1 are samples of these dynamics. As can be seen in Figures 2b  and 2e , the force chains intersect at junctions between which they follow arched paths surrounding relatively unstressed ''spectator'' particles or regions. The result is an anisotropic network which balances the forces within the granular media, carries the load applied from the boundaries, and evolves through changes in the geometric configuration of the branched force chains. From the beginning of the experimental runs, displacement proceeds dominantly through stick-slip motion which corresponds to both drops in the pulling force and steps forward in the displacement profile (see Figures 2a and 2c) . Initially, these steps are large and periodic until a fully developed stress state is formed after approximately 200 s, after which the stick-slip events are aperiodic and irregular in size.
[11] On first inspection, the images of the force chains before and after stick-slip events reveal little information since they are quite similar, as shown in Figure 3 . In fact, as can be seen through image differencing, each event is composed of particle displacements and/or changes in the strengths of force chains which provide adjustments to the network. The image differencing technique uses a pixelwise subtraction of the initial image from the final image for each event. Thus, we can visually inspect the granular mechanisms associated with each event. In these differenced images, the image is white where a force chain strengthened, black where a force chain weakened, and gray where no change occurred. A chain that is lined with a white strip on the left side and dark on the right slipped sideways as a unit; a chain structure that is completely white formed during the slip event; a chain structure that is completely dark disappeared during the slip event. Finally, particles that slipped sideways appear as faint rings.
[12] Slip events all involve a macroscopic displacement along the imposed fault. The slip events comprise both particle motions and force chain changes, both of which are remarkably varied in their spatial extent. This variability is shown by the examples in Figure 4 , drawn from both boundary conditions and a variety of event sizes. The two major classes of behavior, (1) particle kinematics, referred to here as ''particle slips'' and (2) rearrangements of the force chain network, correspond to two different mechanisms for dissipating energy during the slip event. Either of these types of changes can take place on either a local or a global scale. Thus, we observe events in which the entire network of force chains slid forward through slip at the far boundary, as shown in Figure 4a but also large-scale changes in the force chain network that were accompanied by only local particle slip events ( Figure 4b ). We refer to such penetrative changes as system-spanning events. The force chain changes can also span the shear zone in one area, but be ''blocked'' in an adjacent region, as shown in example Figure 4c .
[13] Another common pattern we observed was for the particle slips and force chain releases to be localized to within a few particle diameters of the full length of the imposed fault plane (Figures 4d and 4e) or to even just a finite patch along the fault (Figures 4f and 4g ). In occasional circumstances, isolated changes were observed to take place far from the imposed fault ( Figure 4h ). The Figure 3 ), showing (a) a system-spanning event dominated by particle slip; (b) a system-spanning event dominated by changes in the force network; (c) large-scale slip adjacent to a ''blocked'' region without changes; (d) particle slip and (e) force chain changes localized to within a few particle diameters of the imposed fault plane; (f) particle slip and (g) force chain changes within a highly localized patch near the boundary; (h) force chain changes within a localized patch far from the boundary. (i-l) Differenced images of similar examples drawn from constant volume runs. All images have an imposed fault plane indicated by the black dashed line at the bottom edge. Scale bars represent the change in the intensity value of the pixel over the span of the event, out of a possible 8 bits (256 units) of intensity. The force drop DF k and event energy W values are calculated using equations (1) and (2), respectively. remaining four images in Figure 4 show similar behaviors in examples drawn from runs with constant volume instead of dilational boundary conditions. Finally, it is important to note that many events resembled more than one of the categories described above, and further experimental work is needed to determine under what specific conditions each of these behaviors is observed. In section 3.4, we will examine the correlations between the source parameters of the events and the spatial extent of the associated deformation.
Effects of Boundary Conditions
[14] Our second approach focuses on the source parameters under the two different boundary conditions, constant volume and dilational, while leaving other system parameters as constant as possible. We performed 15 experimental runs with dilational boundary conditions, and 24 runs with constant volume. A side-by-side comparison of pulling force F k (t) and plate position x(t) is shown in Figures 2a  and 2c and elucidates the similarities and differences between the two boundary conditions. For each forward slip event, we see a corresponding drop in the pulling force. Under both boundary conditions, the shear zone strengthened and developed a force chain network through approximately periodic stick-slip motion during an initial period of $200 s. Once the internal stresses were well established, the experiments entered a regime of aperiodic behavior, marked by the thick bar along the time axis in Figures 2a and 2c .
[15] Both constant volume and dilational experiments generate a strengthening in the pulling force over time, resulting from the development of the force chain network. The dilational boundary condition permits a partial relieving of the stress and thus the pulling force increases more slowly. The images of force chains in Figure 2 provide an optical indication of these contrasting strength evolutions. The dilational boundary conditions (Figure 2e ) show fewer and weaker force chains than the constant volume case (Figure 2b ), where the chains are well developed and strongly anisotropic. These differences are similar to transitions in force chain behavior which have been previously reported for changes in packing fraction [Howell et al., 1999] .
[16] Variation in the behavior of F k (t) for individual runs can be seen in the examples shown in Figure 5 . This variation is notable because the runs use the same material starting from nominally the same initial conditions, differing only in their rearrangement (by hand) prior to the start of each run. On average, the constant volume runs strengthen significantly over time, while the dilational runs do not. Furthermore, constant volume deformation includes intermittent events with larger force drops than the largest events for the dilational runs. However, for any short time interval (for instance, the interval from 200 to 300 s in the fourth curve of Figure 5b ), differences between the two boundary conditions are not as readily apparent. Therefore, it is helpful to examine the probability distributions of event statistics rather than single runs or events in order to determine the effect of changing the boundary conditions.
[17] Arguably, none of the experiments, and particularly those at constant volume, achieved a true steady state in the pulling force F k (t) as all runs exhibit an upward trend over the course of the run. This lack of steady state behavior is in part a consequence of the finite strain accessible to a system of this geometry. While it would be possible to obtain true steady state behavior through the use of an annular cell (as in the work by Howell et al. [1999] ), in such a geometry the shear localizes to the region of highest curvature, which is an undesirable effect for modeling natural faults. Nonetheless, we observe that the source parameters of the events are drawn from approximately stationary distributions, as discussed in section 3.3 below. For the case of the dilational boundary conditions, steady state was approximately achieved in both the pulling force and the coefficient of friction (Figure 2d) . We determined the coefficient of friction, m % 0.2 to 0.3, from the ratio of the pulling force F k (t) to the compressive (normal) force F ? (t) supplied by the confining springs.
Event Parameters
[18] In order to further evaluate the character of the stickslip deformation, we extract two event parameters to describe the size of each event. Because every stick slip event displaces the entire shear zone boundary, we consider both parameters to describe the rupture of the full length of the fault, L. To detect individual events, we both smoothed the 100 Hz time series using a window of 0.6 s and obtained the Fourier space derivative to alleviate issues with triggering events on the basis of noise. To obtain accurate times t 1 and t 2 marking the beginning and end of each event, we locally fit a parabola to minimally smoothed data (the bottom two curves in Figure 6 ). For each such event, we directly extract two parameters describing the size. The pulling force drop DF k (measured in newtons) corresponds to the (positive) drop in the pulling force during the event:
Additionally, we define a work term (measured in N mm)
which we refer to below as the event energy and results from various loss processes. These two values (DF k , W) were extracted for each event and problematic events were discarded from the analysis to avoid small events of the wrong sign. We also discarded events from the initial 200 s. This procedure resulted in %1500 stick-slip events for each boundary condition.
[19] We first examine the statistical distributions of the two event sizes DF k and W, shown in Figure 7 . The first two panels of each row plots the cumulative probability function for each size, but with different axes to show the different scaling. In Figures 7a and 7d , we see that both DF k and W for the constant volume data set exhibit power lawlike tails. We fit each using the method of Clauset-ShaliziNewman (A. Clauset et al., Power law distributions in empirical data, 2007, available at http://arxiv.org/abs/ 0706.1062) and find exponents of À2.61 ± 0.14 and À3.42 ± 0.12, respectively. For the dilational boundary conditions, both DF k and W exhibit exponentialÀlike tails (see Figures 7b and 7e ) with decay constants of 0.41 N and 7.2 N mm, respectively. The heavier tail of the constant volume case can be seen qualitatively in Figure 5 , where the F k (t) plots show larger DF k events.
[20] In Figures 7c and 7f , the data are binned in unequal width bins, properly normalized to provide probability density, and plotted on log-log axes to allow examination of the full range of DF k and W values. In each case, we have also plotted the data sets drawn from only the first half (dotted lines) or second half (dashed lines) of the data sets to illustrate that these distributions are stationary in spite of the strengthening which took place. We also observe that the W values for the two boundary conditions are quite similar to each other, with the exception of the large-size tail as described above for the case of the cumulative distributions. For the two boundary conditions, the median DF k value is approximately 0.2 N, and decays away for both higher and lower values. On the small-size side of these distributions, the curves have quite similar slopes down to 10 À3 N, with small events being less common for the dilational boundary condition. The center of the distribution is both slightly higher for the dilational boundary conditions and the distribution is more skewed, with both effects leading to a proportionally greater number of larger DF k events.
[21] In Figure 8 , we provide a comparison of these two measures of the size of events for each boundary condition. For DF k^0 .2 N (the median value from Figure 7 ), we observe an approximately linear relationship between DF k and W. To understand the origin of this scaling, we consider that DF k is proportional to the slip Dx of our events, because of the spring coupling. Therefore, it is also proportional to the stress drop
for an approximately constant elastic modulus E, constant pulling spring constant k, and constant rupture length L corresponding to the length of the experimentally imposed fault. Alternatively, we can view DF k as a measure of the Figure 6 . Example of event-finding technique. Bold line at top is smoothed data used for initial detection, along with Dx(t) and DF k (t) used for finding start and stop times (marked by vertical dashed lines) and event statistics.
size since the torque, or moment, on this fixed rupture length is
for an approximately constant friction coefficient m. Thus, the approximately linear relationship between DF k and W observed in Figure 8 stems from the fact that both are approximately proportional to the slip. The relationship between this result and similar scaling in natural faults will be explored further in section 4.
[22] We therefore consider the observed deviations from this simple linear scaling: the constant of proportionality (offset on a log-log plot) depends on the choice of boundary condition for DF k^0 .2 N, and there is increased scatter for DF k ] 0.2 N. This observed variation among events of the same ''size'' is, in fact, to be expected because of the spatial variations shown in Figure 4 : the relationship between DF k and DF ? is clearly not simply proportional to m as would be required for the approximation given in equation (4). The utility of this relationship, therefore, should be thought of in qualitative terms only. Note that the constant of proportionality has units of length and ranges from 3 to 100 mm for the dashed lines shown in Figure 8 . Therefore, one possible interpretation is that different amounts or numbers of particle-scale slips occur in different events. Since the dilational boundary conditions have fewer strong force chains (see Figure 2) , it is possible that fewer slips are present on average in the dilational events. . Probability distribution functions of DF k and event energy W, plotted as cumulative distributions on (a and d) log-log and (b and e) log linear axes; and (c and f) as probability density distributions for increasing-spaced bins on log-log axes, to allow examination of the full range of data. The thick dashed lines in Figures 7a, 7b, 7d , and 7e) are fits to power law (Figures 7a and 7d for constant volume data) and exponential (Figures 7b and 7e for dilational data) distributions. Figures 7c and 7f , the data sets are into early times (less than the median) and late times to check for stationarity. The vertical dashed line in Figure 7c is value 0.2 N used to divide large-and small-DF k events in Figure 9 .
[23] Because the median or peak of the force drop DF k divides the data set into two size regimes, we further explore the scaling of events either above or below DF k = 0.2 N. To do this, we reexamine the frequency-size distribution of W originally plotted in Figure 7 , but we now divide each data set into a large-DF k portion and a small-DF k portion. Figure 9 shows the cumulative probability distribution of the event energy W for these two subpopulations under each boundary condition. The power law scaling range is, in fact, only a property of the large-DF k events, and extends from % 5 N mm to 100 N mm. The lower limit of power law scaling, what we refer to here as a ''rollover'' in the distribution, is around W % 5 N mm for both boundary conditions. The rollover is therefore not observed to be sensitive to such variables as overall stress, packing fraction, or boundary condition.
Size Dependence of Force Chain Behavior
[24] Given the observation that the energy force drop scaling relation (Figure 8 ) and frequency energy distributions ( Figure 9 ) differ for events of different ranges of DF k , we return to the differenced images of the experimental shear cell to examine the behavior for stick-slip events of large and small event energy. For the largest events (such as Figures 4a, 4b, 4i, and 4k) , the differencing technique reveals that changes in the particle positions and/or force chains span the whole length and width of the cell. For the very large constant volume event shown in Figure 4i , nearly every force chain slipped sideways intact, while for somewhat smaller events (such as Figures 4a, 4b, and 4k ) the failure of individual force chains was more dominant. Therefore, we observed that the large events (particularly prevalent for the constant volume boundary conditions) typically have system-spanning rearrangements with some sliding (translation) along the shear zone boundaries or within the granular media.
[25] Moderate to small events, such as shown in the remainder of the differenced images, can exhibit force chain rearrangements and particle slips throughout the shear zone or only within spatially localized patches. Individual patches can be dominated either by particle slips or by force chain changes. The patches can be quite inhomogeneous, with only some of the force chain changes spanning the width of the system. The smallest events are often quite spatially localized or even consist of barely perceptible changes in particle positions or force chains (Figures 4f  and 4l) . Importantly, very small stick-slip events commonly exhibit rearrangements (either particle slips or force chain changes) which are isolated from the shear zone boundaries.
[26] As can be seen from the images in Figure 4 , there is a general trend that the larger the event energy W, the larger the proportion of the granular material participated in the event. To quantify this effect, we consider the fractional area A of these images that exhibited an above threshold change in pixel brightness. While this measure does not distinguish between force chain changes and particle slips, it can give an semiquantitative estimate for the spatial extent of the changes. Figure 10 plots A against the event energy W and finds a strong correlation between the two quantities, particularly for W^5 N mm. Interestingly, this corresponds to the rollover value in Figure 9 , suggesting that the minimum scaling size is set by a minimum granular rearrangement scale. Since a single particle contributes an area fraction A % 6 Â 10 À4 , this breakdown in scaling occurs for values of A that are below a size of approximately 10 particles. This value is consistent with a patch the approximate width of the shear band. We therefore suggest that the event energy at which the rollover in Figure 9 occurs is controlled by the discontinuous nature of the granular material; further experiments are necessary to test this finding.
Discussion
[27] Inspired by earlier experimentalists' use of photoelastic materials [e.g., Mandl et al., 1977] , we have implemented current approaches used by the granular physics Figure 9 . Cumulative probability distributions for both constant volume (black) and dilational (red) experimental data, split so that high-DF k (thick, DF k > 0.2 N) and low-DF k (thin, DF k < 0.2 N) subpopulations are plotted separately from each other. Low-W data are identical to Figures 7a and 7d and are here truncated at 10 À1 N mm to improve readability. Figure 10 . Plot of area fraction A (fraction of pixels which changed by more than a threshold value) as a function of the event energy W. Horizontal line is A for a single-particle event.
community such as real-time digital imaging of force chain behavior [e.g., Howell et al., 1999] to investigate a granular description of natural faulting. The simplicity of a photoelastic granular fault has significant benefits: a first advantage is that because the particles remain unchanged during runs and repeated runs are possible with the identical material, we can build up a data set in which any variation is inherent to the emergent dynamics, and not a function of variability in the material or fault properties. A second advantage is that we can assume that the majority of the energy released by stick-slip deformation is associated with particle slips and/or force chain rearrangements and thus isolate those effects from fluid phase and fracture effects. There are inherent limitations to such an approach, for instance the use of nonnatural materials, the two-dimensionality and the difficulty of providing a wide range of particle characteristics. These experiments thus constitute a promising direction for investigation of granular phenomena in fault zones and several future directions are possible which will expand the utility of these techniques. Future experiments can, for example, monitor both the particle kinematics and the normal pressure, use the photoelasticity of grains to locate all failure events rather than relying on a macroscopic slip for event detection, and systematically modify particle properties such as shape and particle size distribution.
[28] To place the experiments in a geological context, it is useful to consider several quantitative properties of the grains. The particles have an elastic modulus of 0.21 GPa which scales to experimentally realized pressures by a factor of 10 À4 to 10
À5
; natural faults scale by approximately 10
À3
(i.e., 10 to 100 MPa imposed on a rigidity of $10 GPa, using nominal values from Turcotte and Schubert [2002] ). The granular materials also achieved a roughly steady state friction of m % 0.2 to 0.3. Though well below Byerlee's law (0.6 to 0.85), numerical models of two-dimensional granular deformation achieve similar steady state friction coefficients of % 0.2 to 0.6 [e.g., Mora and Place, 1998; Morgan, 1999; Frye and Marone, 2002; Mair et al., 2002] and smooth round particles in triaxial shear tests have coefficients of friction between 0.1 and 0.4 [Anthony and Marone, 2005] . Weak natural faults, although not widespread, are nonetheless important structures to understand [Hayman et al., 2003; Hickman and Zoback, 2004] . With this in mind, we can make meaningful comparisons between experimental data and observations from natural faults.
[29] We begin making connections to natural faults by observing that pulling force drop DF k and event energy W each have power law tails for constant volume boundary conditions. This is similar to what is observed (with a different exponent) for the most widely studied natural scaling relation, the frequency-moment (Gutenberg-Richter) relation. As depicted in Figure 11a , we monitor F k (t) and x(t) and the internal behavior of the shear zone analogous to plane X/X 0 -Y/Y 0 . Two associations with natural event parameters are possible. First, because there is a fixed rupture length, equation (4) suggests that for DF k % m DF ? (constant frictional behavior), the pulling force drop DF k , in fact, plays a role similar to the seismic moment. Any variations in m over the course of the experiment will not be large enough to change the order of magnitude of this estimate. Second, the event energy W represents the dissipation of stored energy; in an idealized seismic event, this energy is dissipated via mechanisms involving radiated energy. In natural earthquakes, the radiated energy frequently deviates from the seismic moment, potentially indicating that local mechanisms within the fault are exerting a large control on how energy is released. For example [after Kanamori and Brodsky, 2004 , and references therein]: (1) radiated and fracture energy are not everywhere equivalent, and thus some energy dissipates through mechanical work within the shear zone, (2) temperatures vary between slipping faults, and generally are lower than expected. This indicates slip weakening processes within faults that vary among faults, and (3) smaller earthquakes have a wider range in stress drop (0.1 to 100 MPa) than larger ones (1 to 10 MPa) [Abercrombie, 1995] , indicating that smaller earthquakes may obey different source mechanics. Future experiments can more directly tackle the way energy is radiated from our shear cell, but we described as a system of force chains within the fault zone (left), and as a geologic fault (right). Zone I of the fault zone is an outer damage zone which accommodates little shear strain, zone II is a zone of fault rocks that accommodates strain through the development of foliations (f) and Riedel shears (r), and zone III is a localized, central slip zone.
immediately note that the size dependency of force drops (as in the work by Abercrombie [1995] ) is already detected in our experiments (see Figure 8 ).
[30] We thus ask: what are the important departures from scaling relations in our granular experiments? First, we note that the behavior for both pulling force drops and event energies differs for the two boundary conditions in the experiments: a steeper tail is observed for the dilational boundary conditions. Although all of our events displace the full the length of the fault, the internal particle slips and force chain changes are not identical for all events. For any given event energy there is a range of sizes of rearrangements, as shown in Figure 10 . Yet, larger events tend to correspond to a larger area affected by particle and force chain rearrangements. Thus, for the largest events, we would anticipate that more of the force chains are in contact with the boundary and thus these events have an enhanced sensitivity to the boundary conditions. This force chain description is perhaps a granular version of the argument of Pacheco et al. [1992] and Romanowicz and Ruff [2002] that the largest subduction zone earthquakes tended to depart from the global frequency-magnitude scaling relation because their ruptures encountered the edges of the seismogenic zone. Second, for DF k < 0.2 N, there is a dramatic change in the slip behavior, and event energy no longer scales with DF k and instead shows a great deal of scatter. These small event sizes correspond to generally local force chain changes rather than the system-spanning changes observed for larger size events. Perhaps such force chain rearrangements underlie the deviations from scaling relations observed for small earthquake sequences in nature [Heimpel and Malin, 1998 ].
[31] The scaling relations that stem from seismic faulting are intimately related to the structural evolution of a fault zone over many increments of slip through geologic time. For example, the thickness of a fault develops over geologic time through the competing processes of strain localization and shear zone widening [e.g., Scholz, 1987] . The thickness of the fault will in turn partly govern the temperature achieved during slip, which could exceed 1000°C if the fault is centimeters thick [Sibson, 2003] . Some faults have indeed reached such temperatures as indicated by the presence of glasses formed from frictional heat. However, the relative paucity of frictional melts in the geologic record, and lack of heat flow anomalies on major crustal faults, lead most workers to consider alternative models for the energetics of faulting. For example, either through shear heating, or changes in frictional stability, faults can dynamically weaken during slip, thereby affecting the energy released by the fault [e.g., Rice, 2006] . The slip weakening and localization process are mechanically related [Beeler et al., 1996; Chester and Chester, 1998 ].
[32] With this in mind, we consider how our experimental results relate to fault zone thickness and strain localization by considering the internal, geologic structure of a seismogenic fault, shown schematically in Figure 11b . Where faults are exposed at the Earth's surface, they are typically meter-scale composites of three zones: zone I is a wide damage zone of closely spaced fractures, far from slip plane, considered here to be ''wall rock'' and outside of the shear zone boundaries; zone II contains granular fault rocks which have both foliations inclined to the shear zone boundaries, and Riedel shears which are inclined in the opposite direction to the foliations; and zone III is a well defined, centimeter-or millimeter-scale principal slip zone (PSZ) within zone II [Logan et al., 1979; Chester and Logan, 1987] . Though codified at a locality along the San Andreas fault system, faults worldwide are reported to have some variation of these structural zones [e.g., Sibson, 2003] .
[33] Geologic evidence shows that shear zones evolve over time through increments of slip, and shear strain progresses inward from zone I into zone II and then zone III [e.g., Chester and Chester, 1998 ]. Such geologic evidence has been used to argue that the localization process is mostly irreversible; that is, once the PSZ of zone III develops, further deformation within the surrounding fault rocks of zone II is relatively insignificant. The implication is that the PSZ of zone III accommodates most of the fault slip and most of the coseismic rupture. Though strain localization produces extremely narrow faults with extraordinarily large cumulative displacements, some geologic exposures contain evidence for distributed deformation in zone II after localization into the PSZ of zone III Hayman et al., 2004; Hayman, 2006] . Models of earthquake propagation also hold that during an earthquake a large area of the fault will be critically stressed and energy will be radiated away from the localized slip zone, causing damage in the surrounding fault and wall rock [e.g., Rice et al., 2005] .
[34] Our experiments provide insight into the situation of a mature, gouge-filled fault subjected to shear. The experiments show an initial strengthening of the force chain network near the boundaries of the shear zone, and a subsequent localization of particle slips at the center of the shear zone. The general pattern of localization is thus consistent with a progression in natural faults from zone I into zone II and ultimately into zone III, with a PSZ of a few particle diameters. However, even after localization occurs, there are significant force chain changes and particle slips occurring throughout the shear zone: within the experimental analogue for zone II fault rocks. Such granular deformation away from the central slip plane has a range of manifestations, from system-spanning force chain rearrangements, to blocked regions, to local patches of force chain changes. As described above, the different behaviors are correlated with the size of the stick-slip event. For the largest events, we observe not only sliding along the shear zone boundaries and central slip surface, but also systemspanning force chain responses within the granular media.
[35] In summary, the force chain description of natural shear zones holds that there are perhaps continued modifications to a wider gouge-filled shear zone even after localization of slip into a narrow principal slip zone. The force chain description also holds that scale dependence of seismic rupture may have its origin in the behavior of intrafault force chains. Thus, our experiments can provide a conceptual link between geologic processes within fault zones, and the earthquakes that can result from fault slip.
Conclusions
[36] A photoelastic granular experiment shows that shear deformation near an imposed fault is partly accommodated at the particle scale by the rearrangement of force chains, the approximately colinear arrangements of particles that carry most of the load. There is a scale dependence to the dynamics of failure within the granular media, observed via three fundamental trends in the statistics of pulling force drop, event energy (work), and images of force chains. First, the size scaling closely mimics the natural scaling for events with sufficiently large force drops (DF k^0 .2 N), while smaller force drops depart from that scaling. Second, the force drop-dependent behavior is reflected in the frequency size plots (analogous to the Gutenberg-Richter relation), where only the larger force drop events are sensitive to the boundary conditions. For those large-DF k events, the shape of the power law tail depends on the choice of boundary condition, suggesting that small-DF k events do not extend far enough spatially to be affected by the boundaries. Third, the minimum scale for Gutenberg-Richter like behavior appears to be set by a minimum granular rearrangement scale.
[37] The experiments inspire a force chain description of earthquake populations. In this description, as proposed by earlier earthquake seismology studies, changes in frequency size statistics for natural earthquakes are caused by the extent to which the ruptures interact with the limits of the seismogenic zone. The experiments also bear on the geologic interpretation of natural shear zones. Namely, the experiments demonstrate that deformation can occur within wide gouge zones even after localized slip zones begin to accommodate coseismic slip; such behavior is presumably related to the long-range correlations induced by force chains. Our experiments thus provide a conceptual link between earthquake distributions and structures within geologic fault zones in that scale dependence in each has underlying granular controls.
